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Replacing conventional Si or strained Si with highperformance compound semiconductors as conducting channels is one of the most attractive solutions to push the performance of nanoscale metal-oxide-semiconductor ͑MOS͒ transistors to the next level. The lack of high-quality and thermodynamically stable insulators on GaAs or other III-V compound semiconductors in general has prevented them from becoming serious competitors to Si complementary MOS technology. Research on dielectric layers and passivation suitable for III-V devices has led to an extensive literature 1,2 and includes many approaches. Some of the most studied techniques include sulfur passivation, 3 silicon interface control layer ͑Si ICL͒, [4] [5] [6] Ga 2 O 3 generated by photowashing, 7 in situ molecular beam epitaxy ͑MBE͒ growth of Ga 2 O 3 ͑Gd 2 O 3 ͒, 8, 9 ex situ atomic layer deposition ͑ALD͒ growth of Al 2 O 3 and HfO 2 , [10] [11] [12] wet oxidation of InAlP, 13 jet vapor deposition 14 of Si 3 N 4 , and ALD or physical vapor deposition of HfO 2 + Si ICL. [15] [16] [17] We have previously reported the high-performance GaAs metal-insulator-semiconductor field-effect transistors ͑MISFETs͒ fabricated using very thin biomembranelike selfassembled nanodielectrics ͑SANDs͒ as the insulating layer. 18 Nanoscopically well-defined SAND layers have high chemical and thermal stability, are smooth and adherent, and can be deposited at room temperature using simple wet chemical techniques. Moreover, GaAs MISFETs with nanoscale organic insulators are advantageous over their GaAs metalsemiconductor field-effect transistor ͑MESFET͒ counterparts since the organic insulator between gate and channel prevents gate leakage currents. Thin SANDs developed in the organic thin-film transistor field exhibit excellent insulating properties ͑with leakage current densities as low as 10 −9 A/cm 2 with native SiO 2 on Si͒, large capacitances ͑up to ϳ2500 nF/ cm 2 ͒, and a single-layer dielectric constant ͑k͒ of ϳ16, enabling low-voltage organic thin-film transistor functions. 19, 20 In this letter, we report on detailed directcurrent ͑dc͒ and radio-frequency ͑rf͒ characterizations of SAND-based GaAs MISFETs. We observe high-quality interface between SAND and GaAs by characterizing low frequency noise with an extracted Hooge constant of 8.6 ϫ 10 −5 , and the excellent interface quality is further demonstrated by the lack of hysteresis in the I ds -V gs characteristics.
The GaAs MISFET devices reported in this letter employ an 800 Å Si-doped ͑4 ϫ 10 17 /cm 3 ͒ GaAs layer as the channel and a 1500 Å C-doped ͑5 ϫ 10 16 /cm 3 ͒ GaAs buffer layer on a p + GaAs substrate grown by metal-organic chemical vapor deposition ͑MOCVD͒, as illustrated in the inset of atmosphere. NH 4 OH pretreatment is used to prepare hydrophilic GaAs surfaces prior to SAND deposition. The SAND deposition has been described previously. [18] [19] [20] For gate electrodes, Ti/ Au metal deposition is carried out by e-beam evaporation, followed by lift-off.
The SAND films deposited on hydroxylated GaAs surfaces have two thicknesses 5.5 and 16.5 nm. The 16.5 nm thick SAND film is grown by three successive depositions of 5.5 nm thick SAND. The corresponding gate leakage current on a MISFET with a gate length of 1 m and a gate width of 100 m is very small, between 10 pA and 10 nA under V gs =−4 V-+2 V at V ds = 3 V, and is at least six orders of magnitudes lower than the drain current. The dielectric strength of this organic film is as high as 6 MV/ cm, which is comparable to that of conventional inorganic gate dielectrics such as SiO 2 , Si 3 N 4 , or HfO 2 . The multiple cross-linked Si-O layers in the SAND nanostructure significantly reduce the leakage current in the organic insulator and increase its maximum breakdown strength. 19, 20 The I ds -V gs characteristics for 1 m gate-length GaAs MISFETs with 5.5 and 16.6 nm SAND films are shown in Fig. 1 . The 800 Å thick MOCVD GaAs channel layer leads to a maximum drain current of 260 mA/ mm with pinch-off voltages of −2.6 V for 5.5 nm SAND and −3.7 V for 16.5 nm SAND, respectively. The pinch-off voltage is defined as the gate bias under V ds = 3 V when I ds ഛ 0.01 mA/ mm. The sheet resistance and Ohmic contact resistance measured by the transmission length method are 2.5 k⍀ / sq and 1.5 ⍀ mm, respectively. The maximum intrinsic transconductance g m is ϳ127 mS/ mm for the 5.5 nm SAND MISFET and ϳ101 mS/ mm for the 16.5 nm SAND MISFET. The large transconductance values indicate that the interface trap densities are remarkably low. Note that the transconductance does not scale with the dielectric thickness because the devices are operating in depletion mode as opposed to surface channel devices. Figure 2 shows the typical I ds vs V gs characteristics when V gs is biased from −4.5 to 0.0 V and back to −4.5 V. The bidirectional gate-bias ͑V gs ͒ sweeps generate a hysteresis response indicating some threshold voltage drift. The amount of voltage shift has a significant dependence on the interface trap density at the SAND-GaAs interface. The nearly hysteresis-free response in the I ds vs V gs curves indicates low interface trap densities in this material system. The well behaved I ds vs V ds is also presented in the inset of Fig. 2 . The calculated channel mobility for the MISFET with 16.5 nm SAND is ϳ1890 cm 2 /V s. To evaluate the interface quality of the present GaAs MISFETs, we have measured the low frequency noise ͑1/ f͒ spectral density of the drain in the transistor linear operating regime and have extracted the value of Hooge's constant ␣ H . A low frequency noise was swept in the frequency range from 1 Hz to 1 KHz with the source terminal grounded. Figure 3͑a͒ shows the drain current noise spectrum at a gate voltage of −3.0 V and drain voltages of 0.1, 0.2, and 0.3 V in the linear region of the I ds -V ds curve. At a constant gate bias, the drain current noise spectrum varies as f −␤ , where ␤ is close to 1 within 8%, and is therefore referred to as the 1 / f noise. The governing Hooge equation for 1 / f noise in a resistor is given by 21 
S I
where S I ͑f͒ is the current spectrum, N is the number of carriers, and ␣ H is a constant typically ϳ10 −3 in bulk materials. The value of ␣ H can be used as a parameter to compare interface trap densities in devices regardless of the specific device parameters. 22, 23 For a MISFET channel operating in the linear regime, the drain current can be expressed as
where q is the elementary charge, is the channel mobility, and L is the channel length. Combining Eqs. ͑1͒ and ͑2͒, one can calculate the current fluctuation in a MISFET operating in the linear regime as a function of drain current 24 conventional NEC GaAs MESFETs, 22 and MBE-grown GaAs MESFETs. 22 The ␣ H value in the present SAND-based devices is comparable to those of commercial GaAs MESFET devices and superior to those of HfO 2 /Si MOSFETs. This result clearly demonstrates that SAND can be utilized as the gate dielectric for high-quality interfaces on GaAs substrates.
The rf performance of SAND/GaAs MISFETs was also characterized with cutoff frequencies measured beyond 10 GHz. The rf characteristics are measured in an ambient environment using 8722D network analyzer and on-wafer probing techniques. Devices were biased using bias tees and were measured up to 30 GHz. The rf calibration technique utilizes multiple averaging with short-open-load-thru standards. This type of rf measurement can be performed with sufficient accuracy only if the parasitic components of the transistor pads are carefully removed from the intrinsic transistor structure. To obtain the intrinsic cutoff frequency ͑f T ͒ and maximum oscillation frequency ͑f max ͒ of the SANDbased GaAs MISFETs, S parameters of both device and probe pads were measured under different bias conditions, and de-embedding was carried out using the techniques described previously. 25 The f T and f max are determined by forward current gain ͑H 21 ͒ and maximum unilateral transducer power gain ͑G u ͒ extracted from the S parameters under different bias conditions. Figure 4 shows the maximum f T and f max values achieved for a 1 m gate-length GaAs MISFET device with 5.5 nm thick SAND layer under biases of V ds = 3.0 V and V gs = 0.1 V. A peak f T of 10.6 GHz and a peak f max of 6.9 GHz are obtained, as shown in Fig. 4 , within the reasonable frequency response range for 1 m GaAs devices. The inset of Fig. 4 presents the summary of all f T and f max obtained as a function of V gs at V ds = 3.0 V.
In conclusion, we have demonstrated the use of SAND nanodielectrics for high-speed GaAs MISFET devices exhibiting excellent transistor characteristics and high-quality interfaces on GaAs substrate. These results suggest good opportunities for manipulating the complex GaAs surface chemistry with unprecedented material options and for using organic dielectrics for high-performance III-V semiconductor devices. The SAND process is flexible, low cost, and far simpler to implement than the previously reported MBE or ALD dielectric deposition processes.
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